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r e s o u r c e
Mapping PPIs is essential to understand biological function. Highthroughput tandem affinity purification followed by mass spectrometry (AP-MS) has been used to identify PPIs on a large scale in E. coli [1] [2] [3] , but this method cannot be used to distinguish direct interactions when several proteins are purified together. Various highthroughput biochemical approaches have been proposed to examine binary PPIs, including the yeast two-hybrid (Y2H) method, which has been applied in several eukaryotes 4, 5 , prokaryotes 6 and viruses 7 . Here we explored the global architecture of the binary interactome in the gram-negative bacterium E. coli by carrying out proteome-scale, high-throughput Y2H screening. We detected network associations for 1,269 E. coli proteins and more than half of the interactions are new. We derived a comprehensive interactome of E. coli by integrating literature-curated binary PPIs with Y2H interactions identified in this study and analyzed the network structure and function of this E. coli interactome.
RESULTS

Testing the Y2H system for E. coli proteins
We constructed Y2H libraries by transferring 3,971 Gateway-compatible E. coli entry clones 8 into three different Y2H vectors (pGADT7g, pGBGT7g and pGBKCatg; Fig. 1a and Supplementary Fig. 1a ). After the removal of autoactivating baits 9 , our libraries contained 3,305 baits (in pGBGT7g as fusions to a DNA-binding domain) and 3,606 preys (in pGADT7g as fusions to an activation domain) (Fig. 1a) .
To evaluate the efficacy of the Y2H system for E. coli proteins, we first benchmarked our system with a reference set of likely (positive) and unlikely (random) PPIs. We compiled the positive reference set (PRS) from manually curated databases 10, 11 . Approximately 1,941 binary PPIs have been documented for E. coli, most of which have been reported as purified dimers or binary complexes in AP-MS studies. Previous studies have shown that interactions supported by multiple publications are more reliable than those supported by a single publication 12 , so we selected 303 PPIs that had been described in multiple publications or had been characterized by two independent methods.
Our pGBGT7g-pGADT7g library contains both bait and prey clones for 212 PPIs from the selected 303 PPIs (Supplementary Table 1a) . From these 212 PPIs, we randomly selected 94 PPIs as a PRS (Supplementary Table 1b ) and tested them using the pGBGT7g-pGADT7g Y2H vector systems ( Fig. 1b and Online Methods). We also tested 100 PRS interactions using the pGBKCatg-pGADT7g vector system (Supplementary Table 1c and Online Methods). Approximately 29% (27 of 94) of the PRS interactions were detected by the pGBGT7g-pGADT7g system, a sensitivity that is comparable to yeast and human Y2H array screening 12, 13 . We assayed 500 randomly chosen protein pairs comprising the random reference set and detected an interaction for only four pairs, a specificity of ~99% ( Fig. 1c and Supplementary  Table 1d ). However, this number cannot be directly extrapolated to the whole data set, given that most false positives arise through a small
The binary protein-protein interaction landscape of Escherichia coli r e s o u r c e Of the 2,234 PPIs reported in this study, 239 are supported by manually curated PPIs from the literature 10, 11 , and another 165 are supported by AP-MS studies [1] [2] [3] (Fig. 2d) . The limited overlap with the literature data is mainly due to low Y2H assay sensitivity (i.e., many false negatives) rather than low specificity (i.e., false positives; Fig. 1c) , which is consistent with the low overlap observed for the yeast interactome 5 .
We have shown previously that the Y2H system can be used effectively to analyze direct interactions among proteins in a complex 17 . An assessment of our Y2H interactions against structures of E. coli protein complexes from the Protein Data Bank 18 ( Supplementary  Fig. 3a-d Fig. 3 and Supplementary Table 4) [1] [2] [3] . We then tested 227 putative E. coli protein complexes containing three or more protein subunits 3 by pair-wise Y2H assays of the subunits. To enhance assay sensitivity, we conducted the Y2H screening using both N-terminal and C-terminal fusion bait proteins 13 . By this method, we identified 458 PPIs between the subunits of the complexes (Fig. 2e,  Supplementary Fig. 4 and Online Methods).
High-quality binary interaction network
To obtain a more comprehensive binary E. coli interactome, we combined the high-quality Y2H data set from this study with binary interactions that we manually curated from the literature 10, 11 . This data set, named 'combined-binary' data set, contains 3,946 binary interactions among 2,048 proteins ( Fig. 3 and Supplementary Table 5 ). Based on our measurements of precision, completeness, assay sensitivity and sampling sensitivity, we estimated that the total size of the E. coli interactome is on the order of ~10,000 PPIs (Supplementary Results). The combined-binary data set described in this study comprises ~39% of this estimate of the E. coli binary interactome. We estimate that approximately half of the interactions in the combined-binary interaction data set are likely to be between components of multimeric complexes (i.e., complexes inferred from AP-MS data 3 and complexes from the EcoCyc database) and that the remaining half are transient binary interactions (Supplementary Results).
As is the case for other biological networks 19 , interactions in both the combined-binary data set and the combined AP-MS data set 2 set of promiscuous baits and preys. We removed such nonspecific interactions from our Y2H data set (Online Methods).
High-throughput Y2H screening
We conducted the Y2H screening with pools of three baits and selected positive yeast colonies on plates containing synthetic medium ( Supplementary Fig. 1c and Online Methods). We identified the interacting preys by yeast colony PCR, followed by DNA sequencing. We retested the resulting interactions in quadruplicate for each bait-prey combination using fresh yeast bait and prey cultures from archival stocks and eliminated interactions that were either nonreproducible or autoactivated ( Supplementary Fig. 1d ) 9, 14 . By this approach, we systematically screened 3,305 baits against 3,606 preys, thus covering ~70% of the E. coli interactome space ( Fig. 1d and Supplementary Fig. 2 ). When screening millions of protein pairs, the search space needs to be sampled multiple times to detect all the interactions that are detectable by the assay used 5, 15 . Therefore, to estimate the sampling sensitivity of our Y2H system, we performed eight independent sampling screens using 92 baits against the entire prey library (3,606 proteins), which resulted in saturation in the number of detectable interactions (Fig. 1e) . Based on this analysis, we estimated a mean sampling sensitivity of 69% (± 2.5%, s.e.m.) for a combination of two screens; at least fivefold sampling would be required to obtain 90% saturation (Fig. 1e) . We sampled the entire search space twice independently, which resulted in 2,234 high-quality PPIs among 1,269 proteins (Supplementary Table 2 ). Nearly two-thirds (1,830 of 2,234) of these interactions have not been reported previously. Evaluation against a PRS of 212 interacting pairs indicated a sensitivity of ~21% (44 of 212) in the pGBGT7g-pGADT7g vector system (Supplementary Table 1a) , which is comparable to the sensitivity attained with Y2H screening in yeast 5 .
To assess independently the quality of these PPIs, we evaluated 114 randomly selected PPIs by two different methods: coimmunoprecipitation and luminescence-based mammalian interactome mapping (LUMIER) 16 assays (Online Methods). We confirmed ~86% (99 of 114) of the Y2H interactions by at least one of these biochemical methods (Fig. 2a-c and Supplementary Table 3) , which is consistent with previously published Y2H validation rates 4, 5 . npg r e s o u r c e scale-free; that is, many interacting proteins have low connectivity and few have high connectivity (Supplementary Fig. 5a ). As in the yeast binary interactome 5 , we found that AP-MS interactions were enriched in essential protein pairs (Benjamini-corrected hypergeometric P = 1.8 × 10 −31 ; Supplementary Fig. 5b) , and essential proteins were better connected (Fig. 4a) in the AP-MS network than in the combinedbinary interaction network. Moreover, the path length between proteins in the combined-binary interaction network tended to be longer (path length (i.e., shortest path between two nodes within a network) > 5) compared to the combined AP-MS network (Fig. 4b) , which reflects the tendency of Y2H to detect more interactions outside of protein complexes compared to AP-MS 5 .
As in yeast 20 , we found that physically interacting proteins from the combined-binary data set and from the combined AP-MS data set were more likely to have highly correlated genetic interaction (GI) profiles than randomly selected protein pairs (P ≤ 0.05, Student's t-test; Fig. 4c ). Physically interacting protein pairs in both data sets also showed positively correlated coexpression profiles (P ≤ 0.05) and phenotypic profiles (P ≤ 0.05) (Fig. 4d,e) 5 . Moreover, the average semantic similarity 21 of Gene Ontology (GO) annotations in the combined-binary PPI network was comparable to that of the combined AP-MS network, suggesting that the binary PPIs are as functionally coherent as the AP-MS-derived PPIs (Fig. 4f) Figure 3 Structural analysis of the E. coli binary interactome. Nodes represent proteins and are colored according to the availability of structural data. Edges represent PPIs and are colored according to their source (literature, our Y2H experiment or both). The subnetworks (enlarged parts) are based on a previous AP-MS study 3 
Protein complex topology of the E. coli interactome AP-MS-derived information about complexes does not provide information about the internal topology of multiprotein assemblies 22, 23 . We therefore assessed whether Y2H experiments could be used to detect direct physical interactions in complexes identified in large-scale AP-MS experiments. We compiled a list of 227 E. coli protein complexes that have three or more components as identified in a large-scale AP-MS screen 3 . Next, we identified interactions between subunits of these complexes in our Y2H data set and among literature-curated binary interactions (Supplementary Table 6 and Online Methods). We mapped 745 binary interactions in 203 complexes ( Supplementary  Fig. 6 ), of which 319 (43%) interactions were identified in this study and 426 (57%) were obtained from the literature (108 of which were recapitulated in our Y2H study). We could deduce a putative complete internal topology for 15 multiprotein complexes; for these 15 complexes the binary interactions connected all components of the complex, thereby providing a hypothesis on connectivity in the complex. For another 45 complexes we determined the putative internal topology of a subcomplex with at least three subunits, and for 46 complexes we determined the internal connections between pairs of Supplementary Fig. 6 ). For an additional 97 complexes we could only map homomeric interactions (that is, interactions between multiple copies of the same protein). We found in the literature a structure (or a homology model) for 1,097 proteins and 202 interactions ( Supplementary Fig. 7 ) in the complexes. For several complexes, we found a subcomplex of at least three components for which complete topology was revealed by experimental binary interaction data and structural data were available for all its subunits ( Fig. 3 and Supplementary Fig. 8 ).
Integration of PPI and GI networks Identification of physical interactions among proteins does not necessarily imply that all interacting partners belong to the same functional pathway 24, 25 . By contrast, genetic screens can elucidate functional relationships between genes 26, 27 . Analogous to the yeast synthetic genetic array approach 28 , we have previously developed a high-throughput synthetic genetic array screening technology to map GI networks in E. coli, termed eSGA 29 , to elucidate pathway-level relationships.
Integration of these GI data with the PPI networks should provide information that is not attainable from either study alone 29 . Using a Markov clustering algorithm 30 , we identified physically related groupings in the binary interaction network and overlaid them with currently available large-scale E. coli GI data sets 24, 29, 31 (http://ecoli. med.utoronto.ca/esga; Supplementary Table 7) for the corresponding protein interactions, to determine the functional relationships of individual proteins and multiprotein complexes in various pathways and processes (Fig. 5, and Supplementary Tables 7 and 8 ).
This integrative analysis captured interactions that had been missed by either one of the methods. For example, in the secretory pathway the inner membrane protein SecA is peripherally associated with the multisubunit translocation apparatus SecYEG 32 ; Y2H captured the physical interaction between SecA and SecY, but eSGA did not identify this interaction (Fig. 5a) . However, interactions between other Sec components missed by Y2H were detected as GIs by eSGA. Also, for components of the flagellum (for example, fliN-cheR and fliA-fliI; Fig. 5b) , physical interactions among the proteins are overlaid by a negative phenotype in the GI network, consistent with their joint participation in flagellum assembly and motility 33 . Another example involves a subnetwork of physically connected subunits of the ATP-dependent protease complex (ClpAX) known for their cooperative function in protein quality control 34 . These had a positive GI phenotype (Fig. 5c) , suggesting that they operate in the same pathway 28, 29, 35 . Similarly, the Y2H interaction between the recently characterized outer membrane lipoprotein YcfM (also known as LpoB) and penicillin-binding protein PbpG showed a strong positive interaction (Fig. 5d) , consistent with a recently proposed regulatory role of YcfM in peptidoglycan synthesis 36 .
Conservation of binary PPIs
To investigate the evolutionary significance of PPIs detected in E. coli with respect to other microbes, we examined the presence of PPI orthologs in other bacteria (Fig. 6a) by using the combined-binary interactions of E. coli, and binary interactions reported for other bacteria in a literature-curated database 10 and from large-scale bacterial interactome studies (Online Methods). Previous investigations have shown that interactions identified in yeast are conserved in worms 37 and that interactions identified in metazoans can predict homologous connections in yeast 38 . We found that interacting protein pairs from our study are highly conserved in bacteria that are closely related to E. coli but are less conserved with increasing distance from E. coli in the phylogenetic tree (Fig. 6a) . However, we observed the opposite trend for interactions between proteins encoded by essential E. coli genes (Fig. 6b) . We also found that interactions between the subunits of protein complexes are more conserved than interactions between proteins belonging to different complexes (Fig. 6b) .
DISCUSSION
Our study substantially expands the available resources for proteincomplex information and the connections of protein complexes to pathways in E. coli. Y2H and AP-MS studies provide largely complementary information about the interactome and both are essential to obtaining complete protein networks in prokaryotic biology. Our data set confirmed some known binary interactions and contains many new PPIs within and between complexes. Binary PPI maps also provide information about the internal topology of multimeric protein complexes, Figure 6 Conservation of physical interactions between and within protein complexes. (a) Phylogenetic tree based on the comparison of complete proteomes of 20 different bacteria that are closely related to E. coli. Using bacterial proteins that had orthologs in E. coli, we determined the sets of interologs (that is, conserved interacting homologs, N cons. PPI ) in each organism. After normalizing the number of interologs by the corresponding number of orthologs in each organism (N orth. ), we observed a declining trend with increasing distance from E. coli in the phylogenetic tree. (b) Bacterial species were sorted according to their numbers of predicted interologs. Shown are percentages of conserved interactions between essential proteins and all proteins (left), and within complexes or between complexes compared to protein complexes in E. coli (right). To determine the significance of these differences, ratios of percentages of conserved interactions within and between complexes in each organism were calculated. By randomly sampling sets of orthologous proteins 10,000 times, empirical P values of such observed ratios were obtained (Online Methods). 
which should allow them to be structurally modeled, after the stoichiometry of each component is known 22 . We illustrated this using structures of two well-characterized E. coli complexes: RecBCD 39 and the F1 portion of the ATP synthase complex 40 containing three copies of each of its subunits (alpha, AtpA and beta, AtpD; Fig. 3) . Tables 9 and 10) suggests that the majority of PPIs (2, 128) are not between members of complexes. We suspect that many protein complexes remain undetected and may form only under certain growth conditions; the Y2H assay may detect PPIs irrespective of the growth condition in E. coli as it is carried out in yeast. Furthermore, the conditions used for affinity purification may preclude the detection of less stable interactions that are detectable by Y2H. Our data suggest that there are distinct subsets of interactions found in complexes or as more transient binary interactions. Based on the assessment of the total number of interactions in each group, we estimate that the combined total is on the order of 9,200-11,400 interactions (Supplementary Results). To our knowledge, this study represents the largest experimentally derived catalog to date of the E. coli binary interaction network and thus is a draft reference of the basic physical wiring network of an evolutionarily well-conserved model microbe.
Comparison of the binary interactome to complexes found through AP-MS and in the EcoCyc database (Supplementary
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baits and probably interact with the baits nonspecifically. From the raw Y2H data, we filtered nonspecific interactions by a simple approach based on the number of times a certain protein is found as a prey. Preys found more than 60 times (arbitrary threshold) are likely to be nonspecific interactors and thus were excluded from the data set in further analyses. All the Y2H interactions identified by the high-throughput screening were subjected to pair-wise Y2H test as quadruplicates with activation tests conducted side by side (Supplementary Fig. 1d) . The nonreproducible interactions and those that showed signal in the autoactivation test were removed from the interaction list (Supplementary Fig. 1d ).
Mapping protein-complex topology. To identify the direct interactions in protein-complex subunits, we selected the E. coli protein complexes from AP-MS studies 2, 3 and subjected all the protein complexes to systematic Y2H matrix screening. We used the N-and C-terminal fusion baits and N-terminal prey clones (Supplementary Fig. 4a ). The Y2H matrix screening was carried out as quadruplicate to ensure statistical reproducibility of interactions. The screening was performed independently for N-and C-terminal fusion bait vectors (Supplementary Fig. 4b ). In brief, the yeast strains expressing a single protein as bait fusion were mated to individual preys of all other subunits in the complex. After mating, the colonies were transferred to the interaction selection medium plates, and the interacting protein pairs were identified by the resulting positive yeast colony. The positive interactions showed clear colony growth on the selection-medium plate, whereas no growth was usually seen for the corresponding negative control, i.e., the bait mated with the empty prey vector strain (Supplementary Fig. 4b ).
Validating Y2H interactions.
To validate the quality of the Y2H interactions, we randomly selected 114 PPIs (~5%) from the 2,234 PPIs identified in this study. These PPIs were subjected to two independent methods, namely, coimmunoprecipitation in E. coli and LUMIER in mammalian cells 16 .
Validating interacting protein pairs using coimmunoprecipitation. The E. coli ORFeome entry clone plasmids corresponding to selected interacting protein pairs were selected from the ORFeome plasmid library 8 The interacting pairs and negative control (as pFN18Ag vector plus sequence encoding interacting c-myc fusion protein) plasmid DNA were cotransformed into E. coli BL21 (DE3) Magic cells (Invitrogen). The transformed cells were selected by plating on LB agar plates containing ampicillin (100 µg/ml) and chloramphenicol (35 µg/ml). The transformants were cultured overnight in 2 ml of SOB medium with ampicillin and chloramphenicol; the next day the culture was diluted to OD (optical density at 600 nm) 0.8-0.9 using SOB medium with ampicillin and chloramphenicol. The proteins were induced with IPTG (1 µg/ml) for 5-6 h at 30 °C.
After induction, the cell pellet was dissolved in 250 µl of lysis buffer (50 mM Tris pH 7.4, 100 mM NaCl, 0.5% Triton X-100, protease inhibitors cocktail, 1 mM EDTA and Lysonase (Novagen)) and incubated at room temperate for 20 min, followed by sonication on an ice bath. Lysates were cleared by centrifugation at 14,000g (4 °C), and the supernatant was collected into a fresh tube. The protein expression and solubility of Halo fusion and C-myc fusion proteins were tested using the TMR ligand or rabbit polyclonal anti-HaloTag (G8251, G9281, Promega) and anti-myc antibodies (Sigma-Aldrich).
The supernatant was used for the purification of protein complexes using HaloLink resin (G1912, Promega). Purified complexes and control lysate samples were separated on Nu-PAGE acrylamide gels (Invitrogen). After transfer of proteins from Nu-PAGE to PVDF membrane, the myc-tagged proteins were detected using standard immunoblotting techniques. The horseradish peroxidase-conjugated secondary anti-rabbit antibody produced in goat (Sigma-Aldrich, A0545) was used for chemiluminescence detection.
ONLINE METHODS
Y2H library construction. All entry clones (i.e., 3,971 open reading frames (ORFs)) from the E. coli ORFeome collection were transferred into activation domain (AD) and DNA-binding domain (DB) Y2H expression vectors (namely, pGADT7g, pGBGT7g and pGBKCatg) using Gateway recombination cloning (Life Technologies). After bacterial transformation, plasmid DNA was isolated using Millipore plasmid preparation kit (LSKP09624) and all AD and DB clones were transformed into Y2H strains MATa Y187 (AD, prey clones) and MATα AH109 (DB, bait clones), respectively (Supplementary Fig. 1a) . All prey yeast clones were grown independently in a deep-well plate and then combined into a single pool as the prey library (Supplementary Fig. 1b) . The pGBKCatg vector was constructed by adding the start codon ATG to pGBKCg vector at position 760 bp (which is after the ADH1 promoter and before the attR1 sites); this modification enabled expression of entry clones lacking a start codon as C-terminal fusions (Supplementary Note).
Autoactivation test. All bait constructs were screened for autoactivation essentially as previously described 9 . Briefly, the baits were mated with empty prey vector, and the resulting diploids were grown on synthetic medium lacking leucine, tryptophan and histidine, which contained different concentrations (1 mM, 5 mM and 10 mM) of 3-amino-1,2,4-triazole (3-AT) to identify any autoactivators (Supplementary Fig. 1b) . All autoactivating baits were removed from Y2H screening. A total of 3,305 non-autoactivating baits were subsequently screened with 3,606 preys (Supplementary Fig. 2 ).
High-throughput Y2H screening. A yeast strain expressing a single protein or a pool of three proteins with known identity as a DB fusion was mated with a single pool prey library (Supplementary Fig. 1c ). After mating, the colonies are transferred to the Y2H selective medium. The interacting preys were identified by yeast-colony PCR, and the resulting positive PCR products were sequenced (Supplementary Fig. 1c) 9 .
Mating procedure. The fresh yeast culture of baits with known identity and prey library were mixed in a 1:1 ratio. We used four OD (optical density at 600 nm) of bait (4 ml of OD = 1) and four OD of prey (4 ml of OD = 1) cultures in a 15-ml Falcon tube. For each of the bait proteins, we included one negative control (i.e., bait and empty prey vector). The bait and prey mixture was centrifuged for 2 min at 3,000 r.p.m. at room temperature. After centrifugation, the supernatant was discarded, and the cell pellet was resuspended in 200 µl YPDA (yeast peptone dextrose adenine) liquid medium. The yeast cells suspended in YPDA were then plated on YPDA agar plate (60 mm × 15 mm), and air-dried. The plates were incubated at 30 °C for 6 h or overnight at room temperature. After incubation, the cells were collected by washing the plate with 2 ml of sterile water. The cells were then spun down to remove the supernatant. The cell pellets were washed with 2 ml of sterile water, and resuspended in 2 ml of selective liquid medium (i.e., medium lacking tryptophan, leucine and histidine). About 500 µl of the suspension was plated on the selective agar plates (i.e., medium lacking tryptophan, leucine and histidine + 5 mM 3-AT). To measure the number of diploids, an aliquot of 1:100 dilution of mated cells was plated on selective agar plates (i.e., medium lacking, tryptophan and leucine). The screening depth was estimated to be >0.1 million to 1 million diploids, that is, at least 20× the number of prey library size.
Interaction selection. The section medium plates were incubated at 30 °C in a humidity-controlled incubator for 4-6 d, until the colonies were ~1 mm in diameter. Those colonies that showed growth on selection plates but not on control plates were designated as two-hybrid 'positive' yeast colonies. The positive yeast colonies were picked either manually or using robotics and subjected to yeast-colony PCR essentially as described 9 . The identity of the prey was determined using end-read sequencing of the PCR products. If we used a pool of three baits with known identity, the bait identity was resolved by pair-wise Y2H retest screening.
Pair-wise Y2H test (phenotyping II).
A major consideration when using the Y2H system is the number of false positives. The major sources for false positives are promiscuous ('sticky') preys and nonreproducible signals that arise through autoactivation. The promiscuous preys bind to many different npg Validating interacting protein pairs by LUMIER assay. The E. coli ORFeome entry clone plasmids corresponding to selected interacting protein pairs were cloned into Gateway-compatible LUMIER expression vectors, pT-REx-DEST30-ntPrA (produces protein A fusions) and pcDNA3-Rluc (produces Renilla luciferase fusions) using an LR reaction (Invitrogen). The expression clones were validated by bacterial colony PCR, and the plasmid DNA of the recombinant proteins were propagated and isolated from E. coli (DH5-alpha).
The interacting protein pair plasmids were then cotransfected into HEK (human embryonic kidney) 293T cells, which was followed by LUMIER pull-down assays.
For the negative control, the cells were cotransfected with pT-REx-DEST30 plasmid containing a dimer of protein A and luciferase-tagged recombinant protein.
For each interaction sample, four values were measured in triplicate: the luciferase present in 10% of the sample before washing ('input'), the luciferase activity present on the beads after washing ('bound') and the same values for the negative controls ('input-nc' and 'bound-nc').
First, the ratio (LR) of the measured luciferase activity after (Lu bound ) and before washing (Lu input ) was calculated for each individual test position:
The LR values from the triplicates and the corresponding individual negative control measurements were used to calculate a P value by a t-test.
Second, a mean value (x LR ) was calculated from the LR values for samples and the corresponding negative controls and finally given a luminescence intensity ratio (LIR) between the sample and negative control:
We scored an interaction as positive for LIR > 3 with P ≤ 0.05. This threshold was chosen based on the published studies 16 . These two values were plotted against each other on the graph in logarithmic scale i.e., (log(LIR) > 0.477, log(P) < −1.30; Fig. 2b ).
Validating binary interaction with structural data. First, we compiled a list of structures of E. coli protein complexes deposited in the Protein Data Bank (PDB) 18 by taking all the biological units corresponding to PDB entries containing structures of E. coli proteins. For those entries with more than one annotated biological unit, we compiled all the available units with more than one protein. We then took every biological unit and analyzed the contacts between pairs of chains. Two chains were classified as in 'physical direct interaction' if they had at least five residue-residue contacts among: (i) covalent interactions (disulfide bridges), defined as two sulfur atoms of a pair of cysteines at a distance ≤ 2.56 Å (two times the covalent radius of sulfur plus 0.5 Å); (ii) hydrogen bonds, defined as all atom pairs N-O and O-N at a distance ≤3.5 Å; (iii) salt bridges, defined as all atom pairs N-O and O-N at a distance ≤5.5 Å; and (iv) van der Waals interactions, defined as all pairs of carbon atoms at a distance ≤5.0 Å. We built several data sets of interactions to be evaluated against direct physical interactions inside complexes (Supplementary Results).
Data set of literature binary interactions for the internal topology of complexes. The data set of literature binary interactions used in the reconstruction of the internal topology of complexes was obtained by merging the literature binary data set described in validating binary interactions with structural data (Supplementary Table 11) , with all the binary interactions detected by X-ray crystallography and NMR spectroscopy (Supplementary Table 12) . We compiled these data set by measuring the 'socio-affinity' index of all protein pairs in the complexes detected in refs. 2,3 as described in ref. 42 , and selecting all the interactions with an index greater than 10.
Structural characterization of the complex components and internal interactions. Experimental structures and homology models for the complexes were obtained by submitting the set of binary cocomplex interactions to the Interactome3D webserver (http://interactome3d.irbbarcelona.org/).
Compilation of data sets for assessing the properties of Y2H and AP-MS data sets. The biological attributes of Y2H and AP-MS networks were analyzed by extracting the following data sets: (i) coexpressed genes from microarray-based mRNA transcript profiles downloaded from the M3D database 43 were compiled essentially as previously described 25 , (ii) chemical phenotypic data were obtained from a recent study 44 , in which a library of E. coli strains either deleted for nonessential components or hypomorphic (i.e., partial loss of gene function) alleles of essential genes was screened against hundreds of conditions to study gene essentiality; (iii) high-confidence genetic interaction data sets downloaded from the recently published large-scale epistatic studies 25, 29, 30 and (iv) GO terms for E. coli downloaded from the UniProt database. Shortest path length between all possible gene pairs in both combined Y2H and AP-MS networks was computed using a Python-based library, NetworkX 45 .
Conserved protein-protein interactions (interologs).
We collected the known binary PPIs reported for all bacterial species from the literature-curated database MPIDB 10 and from the large-scale bacterial interactome studies of Treponema pallidum, Campylobacter jejuni, Helicobacter pylori, Mycobacterium tuberculosis, Rickettsia sibirica, Streptococcus pneumoniae, Synechocystis and Mesorhizobium loti. Orthologs have been identified between all proteins in these interactions, by using the stand alone megablast program with a set cut-off of E ≤ 10 −5 . This resulted in 693 interologs (Supplementary Table 13) .
Similarly, we analyzed conservation of E. coli protein complex 3 , across 20 bacterial species. The conservation of a protein complex was calculated as the percentage of the orthologous proteins present in each species (Supplementary Fig. 9 ).
To determine the significance of the differences of conserved interactions that appear within and between complexes, we first calculated the ratio of the corresponding percentages in each organism. In particular, we determined the observed ratio R = P w /P b , where P w is the percentage of conserved protein interactions within complexes, and P b is the percentage of conserved interactions between complexes. As null model we randomly sampled orthologous sets of proteins 10,000 times and determined the corresponding expected ratios of percentages of conserved interactions within and between complexes, R r = P r,w /P r,b . Finally, we calculated empirical P values as the ratio P R = (N(R r > R))/10,000, where N is the number of times when the expected, random ratio R r exceeded the observed ratio R. . We compared the proteomes of these bacteria using the CVTree program 46 and visualized the corresponding phylogenetic tree by the T-REX program 47 . This approach accounted for all protein sequences of an organism's proteome and counted the number of overlapping k-tuples to form a raw compositional vector with 20 k components. Random background frequencies were subtracted by predicting the number of k-tuples from (k − 1)-mers and (k − 2)-mers through a simple Markovian model. By putting these 'normalized' frequencies in a fixed order a normalized 20 k dimensional composition vector for each organism was obtained. Finally, a correlation between two species was determined by calculating the projection of one normalized vector on the other. By calculating a normalized distance between organisms, a distance matrix that allowed the construction of a phylogenetic tree was obtained.
Determination of orthologous sequences. By using all-versus-all BLASTP searches with the InParanoid script 48 for proteins from the sets of two species, sequence pairs with mutually best scores were selected as central orthologous pairs. Proteins from both species that showed such an elevated degree of homology were clustered around these central pairs, forming orthologous groups. The quality of the clustering was further assessed by a standard bootstrap procedure. We only considered the central orthologous sequence pair with a confidence level of 100% as the real orthologous relationship. 
